Abstract Imaging the brain distribution of translocator protein (TSPO), a putative biomarker for glial cell activation and neuroinflammation, may inform management of individuals infected with HIV by uncovering regional abnormalities related to neurocognitive deficits and enable non-invasive therapeutic monitoring. Using the second-generation TSPOtargeted radiotracer, [ Neurovirol. (2014) 20:219-232 DOI 10.1007 susceptible regions. Regional TSPO abnormalities were evident within a sub-cohort of neuro-asymptomatic HIV subjects, and an increase in the V T ratio within frontal cortex was specifically linked to individuals affected with HIV-associated dementia. These findings were enabled by employing a gray matter normalization approach for PET data quantification, which improved test-retest reproducibility, intra-class correlation within the healthy control cohort, and sensitivity of uncovering abnormal regional findings.
Introduction
Neuropsychiatric effects of HIV infection persist in part because virus establishes a reservoir in the brain that cannot be eradicated with combination antiretroviral therapy (cART; Heaton et al. 2011; Churchill and Nath 2013) . Autopsy specimens at terminal stages of the disease indicate that the reservoir is comprised of macrophages and microglia (Churchill and Nath 2013) . Downstream effects of viral entry to the central nervous system (CNS) include inflammation and neuronal dysfunction mediated by glial cell activation and direct toxic effects of viral proteins (Kaul et al. 2001; Spudich 2013) . Ultimately patients may develop HIV-associated dementia (HAD) and other HIV-associated neurocognitive disorders (HAND). Combined with the increasing lifespan of individuals infected with HIV, glial cell activation may directly contribute to the current and future prevalence of HAND. Technology enabling non-invasive, quantitative study of HIV-associated glial cell activation, such as through molecular neuroimaging, would be useful for repeated assessment of neuroinflammatory burden, prognosis, and therapeutic monitoring.
Translocator protein (TSPO) is a five-transmembrane protein that spans the outer mitochondrial membrane and functions as part of the mitochondrial permeability transition pore (Papadopoulos et al. 2006) . TSPO upregulation has long been shown to coincide with microglial activation and has been used as a marker for imaging neuroinflammation, notably with positron emission tomography (PET) using suitably targeted radiotracers, e.g., (Venneti et al. 2006; Doorduin et al. 2009; Kreisl et al. 2013b ). We and others have previously used the first-generation TSPO-targeted PET radioligand, [
11 C]R-PK11195, in HIV-related brain imaging studies (Hammoud et al. 2005; Wiley et al. 2006; Garvey et al. 2013) . Differences demonstrated between healthy controls and HIVinfected individuals on [ 11 C]R-PK11195 PET have been modest. In some cases, the results have been conflicting. For example, in comparison to control subjects, we found increased TSPO binding in patients with HAD, but no distinguishable differences in glial cell activity between neuro-asymptomatic HIV subjects and those with HAD, although there was a trend showing that the asymptomatic subjects had a TSPO binding level that was intermediate between HAD and control subjects (Hammoud et al. 2005) . A similar study by Wiley et al., which also used [ 11 C]R-PK11195, showed no significant increase in TSPO binding in any HIV sub-cohort . With voxel-level analysis, significantly increased [ 11 C]R-PK11195 binding in areas such as cingulate cortex and corpus callosum in neuro-asymptomatic HIV-infected individuals were identified (Garvey et al. 2013) . The above mentioned studies might have been limited by small sample sizes, and perhaps more importantly, by the poor performance of [ (Brown et al. 2007; Chauveau et al. 2008; Endres et al. 2009; Rusjan et al. 2011) . These advantages may overcome the challenge of poor signal-to-noise ratio reported in previous studies using [ 11 C]R-PK11195 and improve the ability to detect an abnormal brain distribution or level of activity of glial cells in HIV-infected individuals.
Here we conducted a brain PET imaging study of HIVinfected individuals employing the second-generation TSPOtargeted radioligand, [ 11 C]DPA-713 (Chauveau et al. 2009; Endres et al. 2009; Endres et al. 2012) . Our aim was to compare group differences in glial cell activation between HIV-infected individuals, neuro-asymptomatic as well as those with HAD, and age-matched, healthy controls using this second-generation radiotracer. To accomplish this, we must first address a number of new issues that have arisen in the course of implementing second-generation TSPO-targeted radiotracers.
First, genotype-dependent binding affinity, not reported for [ 11 C]R-PK11195, has been demonstrated in several secondgeneration TSPO-targeted radioligands (Mizrahi et al. 2012; Owen et al. 2012; Kreisl et al. 2013a) . A TSPO gene polymorphism explained inherently different TSPO binding affinity (high, low, and medium) both in vitro and in vivo.
Comparisons of radiotracer binding must account for genotypic differences, using genotype as "a fixed factor" in data analysis (Kreisl et al. 2013b ). However, there may be additional complicating factors beyond genotype that dictate regional brain uptake of second-generation TSPO radioligands.
It has been known for decades that TSPO, previously referred to as the peripheral benzodiazepine receptor (PBR), is tonically and phasically regulated by neural and hormonal mechanisms (Drugan 1996; Gavish et al. 1999) . While difficult to measure in patients in vivo, inferences from data obtained from platelets and post-mortem animal brain studies suggest TSPO to be both acutely and chronically regulated by a number of factors, including stress and anxiety (Gavish et al. 1999) . These physiological factors have not been explicitly considered in the analysis of TSPO PET imaging studies. Also, TSPO, mainly found on the outer mitochondrial membrane, binds with high affinity to cholesterol and transports it across the mitochondrial membrane for steroid synthesis. The direct and indirect interactions, if any, between cholesterol and PET ligands binding to TSPO are not well understood. These uncertainties, which can be magnified by the more sensitive second-generation TSPO-targeted radiotracers, may contribute to poor test-retest reproducibility within the same subject, as well as large variations and low intra-class correlation (ICC) among perceived homogeneous cohorts of healthy control subjects of the same genotype. As a result, even after accounting for genotypic differences, difficulties may still arise when interpreting such studies, resulting in false negative results. Given these potential confounding factors associated with TSPO imaging, reproducibility should be investigated when attempting to implement a new radiotracer for this challenging target. To our knowledge, there has been only one published reproducibility study in which the authors indeed found "high intra-subject variability" in regional brain [ 11 C]R-PK11195 PET binding and acknowledged that it may be due to "physiological conditions" (Jucaite et al. 2012 ). There have been no reproducibility studies published for any of the second-generation TSPO-targeted radiotracers.
Also due to the concerns noted above, a linear hypothesis based on higher absolute radioligand binding→TSPO upregulation→microglial activation→neuroinflammation, might be too simplistic. Here we hypothesize that a normalization method may help control both for known genotypic dependency and, perhaps more importantly, unknown physiological (unrelated to inflammation) factors that affect radioligand brain uptake in TSPO PET imaging studies. This hypothesis is based on the following assumptions: (a) different genotypic and physiological factors contribute to various degrees of global TSPO changes in the brain, hindering (or even disabling) PET analyses based on absolute measurements, even among individuals of the same genotype; (b) despite these inherited and acquired global changes, the pattern of radioligand brain uptake in healthy individuals, quantifiable by a regional-to-global ratio, should be reproducible and resemble one another; (c) disease-related regional TSPO abnormalities will manifest themselves as violations of this resemblance and will therefore be discovered-such violations always exist in disease states regardless of global TSPO changes. This regional, normalized approach may be particularly plausible for studying HIVinfected brain because HIV compartmentalization and regional differences (Churchill and Nath 2013) are well documented, even though the underlying mechanisms are unknown. When determining which brain region should serve as a control for normalization, the gray matter arose as a prime candidate because of its relatively uniform pattern of high baseline binding in healthy subjects, even identifiable (although at a lower level) by [ 11 C]R-PK11195. Gray matter may provide the sensitive yet statistically stable denominator needed for the normalization process.
Our study comparing TSPO brain distribution between HIVinfected individuals and age-matched, healthy control subjects using [ 11 C]DPA-713 PET followed four stages: (a) to confirm TSPO genotypic dependency, both in vitro and in vivo, of [ 11 C]DPA-713 binding to TSPO, as has proved the case with other second-generation radiotracers that target TSPO; (b) to evaluate reproducibility of quantitative PET imaging from testretest scans in a sub-group of study subjects; (c) to investigate empirical normalization methods and compare them against the use of absolute volume-of-distribution (V T ) measurements for PET data analysis; and (d) to apply these methods in a bonafide clinical setting by studying HIV-infected individuals using the optimum PET data analysis strategy.
Materials and methods

Human subjects
This study was approved by the Johns Hopkins Institutional Review Board and all subjects provided informed consent prior to participation in the study. A total of 35 subjects under the age of 55 (healthy controls: N=12; HIV: N=23) underwent [ 11 C]DPA-713 PET neuroimaging. Healthy control subjects ranged in age from 22 to 52 years (mean±standard deviation: 39.8±10.8) and underwent a careful clinical interview to ensure health. Specifically, each healthy participant was without history of medical disease or surgery in the past year. They were without current use of prescribed and over-the-counter medications, with the exception of inclusion of one female participant taking an oral contraceptive medication. All healthy participants also denied alcohol and illicit substance abuse, neurologic deficit, psychiatric illness, and head trauma with loss of consciousness. The 23 patients with a diagnosis of HIV, ranging from 27 to 54 years of age (46.3±6.6), also underwent clinical interview. All HIV patients denied history of surgery in the past year, had no active alcohol or illicit substance abuse, and had no history of loss of consciousness. They denied use of prescribed or over-the-counter antiinflammatory medications but were all actively receiving cART and other prescribed medications. All subjects with HIV had undetectable HIV viral load (plasma HIV RNA<50 copies/mL). CD4 counts at the time of the scan were available for 14 of the 23 patients with HIV (mean CD4 count, 551± 207 cells/μL). DNA extraction and polymorphism genotyping All subjects in both HIV and control groups underwent TSPO (rs6971) genotype analysis completed using the rs6971 TaqMan assay (Applied Biosytems®, Life Technologies, Grand Island, NY) on isolated DNA (PureGene® Blood Core Kit C, Qiagen, Valencia, CA) from each individual participant. Three different genotypes are defined as C/C, T/T, and C/T, respectively, with the first two indicating the homozygotes for high affinity (C/C) and low affinity (T/T) binding phenotype, and the last group (C/T) heterozygous with mixed affinity binding phenotype.
In vitro binding assays
In vitro Binding assays were performed in part to confirm the genotype-dependent TSPO binding behavior of DPA-713 using blood samples from selected healthy control subjects from all three genotypes, following the procedures below.
Peripheral tissue binding isotherms Peripheral whole blood samples were collected from each participant. Plasma and platelets were isolated by centrifugation. Lysates of human platelets in assay buffer (50 mM Tris, 140 mM NaCl, 1.5 mM MgCl 2 , 5 mM KCl, 1.5 mM CaCl 2 , pH 7.4 at 37°C) were incubated with eight different concentrations of [ Owen et al. 2011) . Nonspecifically bound radioligand was measured in the presence of 50 μM (R,S)-PK11195 (Sigma-Aldrich, St. Louis, MO). Incubation mixtures were filtered through Whatman GF/B filter plates, which had been previously immersed in 0.5 % polyethylenimine for 1 h at 4°C. Subsequently, filter plates were washed four times with 1 mL cold buffer (50 mM Tris base, 1.4 mM MgCl 2 , pH 7.4, 4°C). Filter plates were allowed to dry and then 50 μL of MicroScint 20™ (Perkin Elmer, Waltham, MA) was added to each well. Radioactivity was measured using a TopCount NXT Microplate scintillation counter (Perkin Elmer). Nonspecific binding was subtracted from total binding to obtain specific binding.
Data analysis Binding affinities (K d in nM) were determined by using two non-linear regression fitting algorithms, one assuming one-site and the other assuming two-site binding (GraphPad Prism, version 5.0; GraphPad Software Inc., La Jolla, CA). Protein concentrations (μg protein/mL) were determined using a colorimetric assay where absorbance was read at 750 nm (D c Protein Assay Kit; Bio-Rad, Hercules, CA).
In vivo brain imaging
Test-retest study Three of the 12 healthy control subjects and three patients with HIV participated in the test-retest reproducibility portion of this study. The total of six participants included three males and three females, with an average age of 46.3±12.1. The second [ 11 C]DPA-713 PET scan was completed later on the same day as the initial PET scan, following the same study and analysis protocols described in this subsection.
Radiotracer synthesis [
11 C]DPA-713 was synthesized as described in Investigational New Drug Application #78,283. Radiochemical purity was greater than 95 %. It was delivered with high specific activity (278.6±162.6 GBq/μmol) via intravenous bolus injection at the onset of a 90-min dynamic list mode PET acquisition. The injected dose was 684.39 ± 23.16 MBq.
Plasma sampling Arterial line was placed in all subjects and measurement of the arterial plasma input function was conducted as previously described (Endres et al. 2009 ) through collection of 25-35 blood samples (1 mL) over the course of each 90 min PET scan and collection of an additional eight serial 4 mL samples for radiolabeled metabolite measurements.
Image generation PET scans were acquired using a secondgeneration High Resolution Research Tomograph scanner (HRRT, Siemens Healthcare, Knoxville,TN), an LSO-based, dedicated brain PET scanner with 2.5 mm resolution. The 90 min list mode data were binned into 30 frames (four 15 s, four 30 s, three 1 min, two 2 min, five 4 min, and twelve 5 min frames). The data were then reconstructed using the iterative ordered subset expectation maximization (OS-EM) algorithm (with 6 iterations and 16 subsets), with correction for radioactive decay, dead time, attenuation, scatter and randoms (Rahmim et al. 2004) . The attenuation maps were generated from 6 min transmission scans performed with a 137 Cs point source prior to the emission scans. The reconstructed image space consisted of cubic voxels, each 1.22 mm 3 in size, and spanning dimensions of 31 cm×31 cm (transaxially) and 25 cm (axially).
All subjects also underwent brain magnetic resonance imaging (MRI) to facilitate anatomical delineation of regions of interest (ROIs) on brain PET images after PET-MRI coregistration (detailed below). MRI T1-weighted images were obtained on either a 1.5 T Signa Advantage system (GE Medical Systems, Waukesha, WI) as previously described (Endres et al. 2009 ) or on a Phillips Achieva 3 T scanner (Andover, MA) with a 32-channel head coil to obtain a 1×1× 1 mm 3D MP-RAGE sequence.
Image processing and generation of time-activity curves (TACs) The software package PMOD (v3.3, PMOD Technologies Ltd, Zurich, Switzerland) was used to perform all steps described herein, as well as all quantification procedures below. The regional TACs were generated as follows:
(a) inter-frame motion correction: all 30 frames of PET reconstructed images were rigidly realigned to the 0-30 min mean PET image, which was obtained by averaging frames 1 through 18; (b) PET-MRI co-registration: the 0-30 min PET mean image and, subsequently, all 30 motion-corrected PET frames, were co-registered to the subject's T1-weighted MRI image using rigid transformations; (c) spatial normalization: each subject's MRI was spatially normalized to the corresponding template from the Montreal Neurological Institute (MNI) followed by applying the same non-rigid transformation to the co-registered/motion-corrected dynamic PET frames; and (d) ROI definition: the existing Automated Anatomical Labeling (AAL) brain template was directly overlaid on the spatially normalized PET images to generate brain regions automatically. Finally, among all of the automated regions, we combined regions from left and right brain hemispheres and selected 16 ROIs for generating TACs and conducting further regional analyses based on hypothesized involvement of these regions in HIV-associated cognitive, behavioral and motor deficits. These ROIs together cover both cortical and subcortical brain regions. Regions of total gray matter (GM), white matter (WM), and whole brain (WB) were also defined based on the existing PMOD brain mask. These latter global regions were mainly used for exploring the aforementioned empirical normalization approach.
Calculation of regional total volume-of-distribution (V T ) Based on the TACs obtained, [ 11 C]DPA-713 binding to TSPO was quantified with the use of metabolite-corrected arterial plasma input functions. Following other published studies using the second-generation ligands, the main outcome measure presented was V T , obtained using the Logan graphical method for each defined brain region.
Data analysis and V T normalization Prior to performing normalization, the regional V T values were examined for intrasubject reproducibility, inter-subject resemblance within the same genotype, and genotype dependency across different TSPO (rs6971) genotypes. Specifically, we employed descriptive statistics, Bland-Altman plots, as well as intra-class correlation coefficients (ICCs) to investigate intra-subject reproducibility for the six individuals undergoing both test and retest scans. The ICCs quantified the effectiveness of using V T for providing both resemblance (between test and retest) and uniqueness (among 6 subjects) in each brain region. ICCs were also used for quantifying the effectiveness of using V T to provide inter-subject regional outcome resemblance (among healthy controls of the same genotype) and regional uniqueness (among all defined ROIs).
The calculations of ICCs were performed with the statistical software package R (v2.15.0) using the mixed effect model. For example, in the case of studying ICCs for all subjects of the same genotype, we have: Y ij =μ+b i +ε ij , where i indicates different regions and j indicates different healthy control subjects. Variable μ is the population average over all subjects and regions, b i is the region specific random effect, where
). The mixed effect models were fit using the lme4 package in R. A higher ICC value (on the scale of [0, 1]) in the healthy control group is desirable, as it indicates better resemblance within the same region and clearer distinction between different brain regions in this genotypically homogeneous cohort, providing a foundation for studying the diseased (HIV) cohort.
These examinations were repeated after the absolute regional V T values were normalized by the GM, WM, or WB V T obtained from the same subject and scan. The normalized regional outcome measures were obtained using n V T = V T /V T_n , where n represents GM, WM, or WB. Finally, using both V T and the best performing n V T , we searched for significant regional differences between HIV and control cohorts by using the two-tailed Wilcoxon-Mann-Whitney test controlling for false discovery rate (FDR) (GraphPad Prism, v6).
Neuropsychological testing in HIV patients and stratified analyses of PET data
Excluding the three HIV patients participating in the reproducibility sub-study, neuropsychological testing was performed for the rest of the HIV patients (20 out of 23) using the modified Memorial Sloan-Kettering dementia (MSK) scale developed by our institution and other members of the Northeast AIDS dementia (NEAD) Consortium (Marder et al. 2003) , as well as the more recent HAND criteria (Antinori et al. 2007) . The MSK scale is commonly used for neuropsychological staging of HIV infected patients, and is based on functional, intellectual, and motor capacity. We chose to use the MSK scale in conjunction with this PET study, allowing us to exclude any individual with significant neuropsychological impairment (MSK score >2) due to concerns that they lacked capacity to provide informed consent.
The 20 patients tested were stratified as neuroasymptomatic (MSK score=0), mild impairment (= 0.5), and HAD (= 1 or 2), with the first two groups together also defined as HIV non-demented (HIV-ND). The PET data were further analyzed for HIV-ND vs. HAD and neuro-asymptomatic vs. healthy controls, using the two-tailed Wilcoxon-MannWhitney test controlling for FDR. The more recent HAND criteria allow further stratifying HIV patients with MSK=0 into asymptomatic neurocognitive impairment (ANI) and completely normal. However, we chose not to stratify patients further into smaller sample sizes, which would also enable direct comparisons to results from (Garvey et al. 2013) .
Results
Genotyping
Genotype assay results of the rs6971 polymorphism identified eight healthy participants with C/C genotype (Ala/Ala), three with C/T (Ala/Thr), and one with T/T (Thr/Thr). Genotype results among the 23 HIV patients included twelve C/C, eight C/T, and three T/T individuals.
In vitro binding assays
Platelets were assayed in seven subjects. Saturation binding data using [
3 H]DPA-713 and TSPO protein expressed on platelets was predicted by rs6971 genotype (Table 1) . Platelets from four subjects with C/C rs6971 genotype (Ala/ Ala) had a high affinity measure of mean K d =2.25±0.05 nM. This result was independently confirmed using association and dissociation binding experiments (data not shown). The two subjects with C/T rs6971 genotype (Ala/Thr) each had K d =6 nM, and one subject with T/T rs6971 genotype (Thr/ Thr) had a measured K d =60 nM. All data best fit a one-site binding model.
In vivo brain imaging
There were no significant differences in the [ 11 C]DPA-713 injected, including specific activity and mass, in PET scans across all healthy control and HIV-infected subjects.
Test-retest reproducibility Three healthy controls and three patients with HIV, all of whom were of the C/C genotype (Ala/Ala), underwent the retest scan later on the same day as their initial scan. Demographic and injection characteristics of these six individuals who underwent [ 11 C]DPA-713 PET testretest reproducibility are summarized in Supplementary  Table 1 .
When quantified by the absolute V T , all 16 regional measurements and three global measurements (GM, WM, WB) from each of the six subjects showed significant systematic biases: retest V T (obtained in the afternoon) was always higher than the test V T (obtained in the morning). These biases were easily visualized by the Bland-Altman plot (Fig. 1a) , where all data points generated from a pair of repeated measures are above the y=0 line, with the y offset roughly proportional to the test-retest mean. When using ICC to quantify the V T resemblance between test and retest for the six different subjects, very poor results were found in all ROIs (ICC=0.028± 0.057), indicating subject-dependent biases. Inclusion of the free plasma fraction (f p ) had negligible impact on removing these biases (data not shown). C/C (n=4) 3 13 % 2 1 0 % 2 1 0 % 2 1 3 % C/T (n=2) 6 13 % 6 1 9 % T/T (n=1) 60 20 % Fig. 1 Bland-Altman plot comparison of test-retest reproducibility obtained using V T and GM VT: (a) Before gray matter normalization, the plot demonstrates a systematic bias as all results are above zero. (b) After gray matter normalization, systematic bias has been eliminated as the mean of all data points is close to zero By contrast, when replacing V T with GM normalized V T (denoted as GM V T ), the renewed Bland-Altman plot (Fig. 1b) demonstrated effective elimination of biases. Normalizing by WM or WB also removed these biases to various degrees. However, when compared by descriptive statistics, the GM normalization showed the best reproducibility and highest overall ICC values. Regional statistics obtained with GM normalization are presented in Table 2 . For consistency, results of the initial test scan (first of the day) from these six individuals, together with PET data from the other subjects, were used for subsequent group comparisons.
In vivo evidence of genotype dependency Genotype was found to predict V T values of 12 healthy control (as well as 23 HIV) subjects for each region. For clarity and subsequent reference, the trends in several representative regions are shown in Fig. 2 .
Resemblance of regional PET outcome among healthy controls The resemblance of regional PET outcome among healthy controls of the same genotype, specifically the eight C/C individuals, was quantified by ICC. An ICC plot was generated with V T values from 16 ROIs (Fig. 3a) , and showed lack of resemblance (ICC=0), equivalent to a purely random brain TSPO distribution in different brain regions across these eight healthy C/C subjects. However, the ICC was improved to 0.73 with the use of GM V T instead (Fig. 3b) , depicting a reasonable resemblance of regional TSPO brain distribution among the eight unique C/C subjects. The use of WM and WB normalization resulted in poorer ICCs (0.653 and 0.722, respectively), leading us to select GM V T for further analyses and discussion. With GM normalization, presumably eliminating the confounding genotype-driven binding effect, the inclusion of the other four non-C/C control subjects (three C/T and one T/T) produced an ICC of 0.66. Demographic and injection characteristics of healthy control subjects (N =12) who underwent [ 11 C]DPA-713 PET are shown in Supplementary  Table 2 .
Comparison between control and HIV subjects of the same (C/C) genotype Lack of reproducibility associated with V T in the [ 11 C]DPA-713 PET studies strongly suggested that V T is not a reliable outcome variable for subsequent data analyses. The fact that the use of V T resulted in ICC=0 in a perceived homogeneous cohort (eight healthy C/C subjects) provided further evidence. To verify this nevertheless, we first performed healthy control vs. HIV comparisons using V T , with only C/C subjects in both groups (healthy control: N=8, age 38.4±11.9; HIV: N=12, age 47.8±6.0). Based on V T , there was no significant difference found in any of the ROIs (Supplementary Table 3 ). Next, we used GM V T instead of V T to compare 13 brain regions and WM between control C/C and HIV C/C subjects. Among 16 previously defined ROIs, precentral, precuneus, and putamen were not compared due to concerns of their low ICC values as shown in Table 2 . With a false discovery rate (FDR) q=5 %, significantly higher GM V T were identified in the supramarginal cortex and WM for the HIV C/C sub-cohort (Supplementary Table 3 ). Individual data points from these regions, as well as the temporal region, which showed significant GM V T differences prior to FDR correction, were plotted in Fig. 4 , using both (a) V T and (b) GM V T .
Inclusion of C/Tand T/T genotypes Due to the small number of C/T and T/T subjects in the healthy control group, we did not perform control vs. HIV comparisons using either of these genotypes by themselves. Based on the results obtained to this point, it would not be useful and would actually be incorrect to use V T in a combined study including all genotypes. By contrast, using GM V T for an across-genotype analysis is plausible based on the observation of significant improvement in all aspects of statistical analysis above, and the assumption that useable data can be obtained from all subjects regardless of rs6971 genotype. As a simple verification of this assumption, we tested combined-genotype comparisons between HIV and healthy controls using GM V T . First, only C/T subjects in both cohorts were added for combined C/C+C/T comparisons (Control: N=11, age 39.2±11.1, HIV: N=20, age 46±6.9). With control of FDR, significantly higher GM V T values were found in supramarginal, WM, and temporal regions, all of which were suggested (but only the first two survived FDR correction) in C/C-only comparisons. Next, we also included the T/T genotype for a comparison of 12 controls vs. 23 HIV patients. We again found four significant differences after FDR correction, but with significance demonstrated in cingulum rather than the temporal region. All P-values obtained are presented in Table 3 , and the GM V T plots from those regions are shown in Fig. 5 , which can be compared to the V T plots from the same regions shown in Fig. 2 .
Neuropsychological stratification and further data analysis Among the 20 (out of 23) HIV patients who underwent neuropsychological testing, eight patients (age, 44.9±9.1, 4C/C, 2 C/T, 2 T/T) were neuro-asymptomatic (without evidence of functional, mental or motor impairment; MSK score, 0), four patients (age, 47.0±5.0, 3C/C, 1 C/T) had mild-impairment (MSK 0.5), and eight patients (age, 45.6± 5.1, 2 C/C, 5C/T, 1 T/T) had unequivocal evidence of functional, intellectual and/or motor deficits of dementia (MSK score: 1 in seven patients, and 2 in a single patient). Given the results from the above mentioned subsections, particularly those in Table 3 and Fig. 5 , we conducted further analyses using GM V T including all genotypes. The overall trends among healthy controls, HIVasymptomatic, mild impairment, and HAD sub-cohorts were plotted in Fig. 6 using GM V T (mean and standard deviation) for selected regions.
With HIV patients grouped into HIV-ND (asymptomatic+ mild impairment) and HAD sub-cohorts: non-demented (MSK score<1, N=12, age 45.6±7.8) vs. demented (MSK score≥1, N=8, age 45.6±5.1), significantly higher GM V T in frontal cortex was found in HAD patients (FDR q=0.05). When comparing completely neuro-asymptomatic patients (MSK score 0, N=8, age 44.9±9.1) vs. healthy controls (N= 12, age 38.4±11.9), with FDR q at 5 %, no discoveries were made; however, with FDR q=10 %, WM, cingulum, occipital, and temporal regions showed significant findings. The detailed P-values for the above mentioned comparisons are shown in Table 4 .
Discussion
We confirmed the expected rs6971 genotypic dependency for the second-generation TSPO-targeted radioligands [ (Table 1) , and in vivo [ 11 C]DPA-713 PET imaging V T measurements (Fig. 2) . Accordingly, it is possible to classify an individual as a high-, low-or medium-affinity class binder either through rs6971 genotyping or by performing a peripheral platelet binding experiment before conducting brain PET imaging in that individual. These findings are consistent with those shown for other second-generation TSPO-targeted radiotracers such as [
C]PBR28 and [
18 F]FEPPA (Mizrahi et al. 2012; Kreisl et al. 2013a) .
However, even with this classification, we have identified concerns with analyzing [ 11 C]DPA-713 PET data using V T . First and foremost, while both test and retest data met the requirements of using the Logan graphical method and demonstrated good fitting, reproducibility was non-existent when using such measures, evident from the systematic increases in regional V T values from test to retest (Fig. 2a) , which could not be eliminated by taking into account free plasma fraction. To our knowledge there have been no test-retest studies published for any other second-generation TSPO ligand, and the published reproducibility study for [ 11 C]R-PK11195 placed test and retest scans from days to weeks apart (Jucaite et al. 2012 ). Although we have not yet investigated the exact mechanism of the systematic increase of V T upon same-day retest, there are several possible explanations, such as hormonemediated phasic changes in TSPO expression, tonic changes due to stress/anxiety related to the procedure, or alteration in blood cholesterol due to food intake between the scans, which was not controlled (Drugan 1996; Gavish et al. 1999) . One may argue that if the time of the scan were controlled such that the test and retest studies were performed at the same time during the day but on different days, the systematic bias observed in this same-day test-retest might not manifest. This appeared to be the case for the aforementioned reproducibility study using [ 11 C]R-PK11195, however, the extremely poor ICC (= 0) observed in our healthy control subjects of the same C/C genotype may cast doubt on the effectiveness of similar approaches, as the data resulting in ICC=0 were all from the first (or only) scan that took place in the morning. While the utility of requiring subjects to fast prior to scanning with [ 11 C]DPA-713 remains to be determined, there is evidence indicating that TSPO density could be affected by chronic, non-disease-related factors as well, which would be difficult to control. The [ 11 C]R-PK11195 reproducibility study (Jucaite et al. 2012) suggested the possibility of such confounding variables.
We have shown that for [ 11 C]DPA-713 PET neuroimaging, GM V T may enable analysis of scans where the standard measure of V T is confounded by poor intra-subject reproducibility and inter-subject ICC in what should be a healthy, homogenous (with respect to rs6971 genotype) cohort. Although an empirical approach, we believe that the assumptions for using the GM V T , as outlined in the introduction, are reasonable based on TSPO physiology, and the results from this study have demonstrated its effectiveness. Without normalization, no significant findings were discovered, and with normalization, fairly significant and relatively consistent regional findings across genotypes were obtained-including regions that are corroborated by prior HIV imaging studies, both with PET, e.g. (Garvey et al. 2013) and MRI, e.g. (Kuper et al. 2011) . We refrain from applying these arguments to other TSPO PET imaging studies, many of which employed fairly small sample sizes and examined few brain regions. However, we believed it was important to examine the intra-subject reproducibility and inter-subject ICC using a variety of outcome measures for [ While we have shown that with GM V T the sensitivity of detection was improved, as V T was very likely contaminated by uncontrolled physiological factors (Supplementary Table 3) , an obvious concern of using such a normalization approach was losing the ability to detect possible changes in the region used as the denominator, i.e., the tissue used for normalization-GM in this case. We acknowledge such a limitation, while postulating that TSPO is an inherently challenging target, as discussed above. We realize that future studies may be needed to validate a normalization approach as provided here, perhaps leading to PET imaging methods that avoid arterial blood sampling. However, such studies are beyond the scope of the current work.
To use the proposed normalization approach for crossgenotype studies, one must assume that the pattern of TSPO Fig. 4 Plots of individual data points comparing HIVand control subjects of the same C/C genotype, using either V T or GM V T (Selected regions are shown, and detailed statistics for all regions are presented in Supplementary Table 3) The small number of healthy C/T and T/T subjects in our study does not provide a sufficient sample size to examine this. While adding C/T and T/T subjects to the C/C group did slightly degrade the ICC among healthy controls, results obtained from comparing healthy control and HIV cohorts were consistent upon inclusion of C/T and later T/T subjects in the original C/C-only comparisons (Table 3) . In fact, with those subjects included, findings in regions such as cingulum and supramarginal cortex have been statistically enhanced. This might indirectly suggest the validity of using GM V T for crossgenotype analysis in [ 11 C]DPA-713 PET studies. Also, we noted that previously published studies employing secondgeneration TSPO-targeted radioligands exclude subjects with the low affinity (or T/T) genotype, because these subjects showed very low binding and compartmental models providing adequate fitting for TACs from both high-and mixed-affinity binders did not fit T/T subjects. From our limited [ 11 C]DPA-713 PET data of T/T subjects, we observed that they fit the twotissue three-compartment models as well as the C/C or C/T genotypes. More data from future [ 11 C]DPA-713 PET scans of additional T/T subjects may further confirm the validity of using GM V T for studying T/T subjects together with C/C and C/T. Based on our observations in Table 3 , we did not exclude T/T subjects in the subsequent HIV studies.
Employing GM V T we were able to discover significant differences in the healthy control vs. HIV, healthy control vs. neuro-asymptomatic HIV subjects, and HIV-ND vs. HAD comparisons (Table 4 through 5). Trends also emerged with more detailed HIV patient stratification, as shown in Fig. 6 . Taken together, these results may suggest that regional TSPO changes precede neuro-cognitive decline, and the occurrence of more pronounced changes in these regions as well as the emergence of new regional abnormality are linked to the worsening of neurological symptoms. A particularly strong finding was the higher frontal TSPO GM V T in HAD vs. HIV-ND. The association between frontal lobe changes and HAD has generated considerable interest (Lopez-Villegas et al. 1997; Cysique et al. 2013; Roberts et al. 2013 ). Particularly, (Zhang et al. 2012) suggested that higher level of reactive oxygen species (ROS) in frontal cortex would contribute to the HIV induced neuro-inflammation and apoptosis of neuronal and glial cells. The predicted neuroinflammation in the frontal cortices of HAD patients was confirmed by our study. Other regional abnormalities discovered in our study have also been previously linked to HIV, such as in WM (Chiang et al. 2007; Chen et al. 2009; Mohamed et al. 2010; Kuper et al. 2011) and in the cingulate (Cysique et al. 2013) , supramarginal (Melrose et al. 2008) , and temporal (Kuper et al. 2011) cortices. The recent study by Garvey et al., using [ 11 C]R-PK11195 in neuro-asymptomatic HIV-infected subjects on effective antiretroviral therapy (N=7 vs. control: N= 9), reported voxel-based abnormalities in corpus callosum (the largest WM structure in the brain), anterior and posterior cingulate, temporal, and frontal locations (Garvey et al. 2013) . These findings are in agreement with the results shown in Table 4 , where asymptomatic HIV infected individuals (N= 8) and healthy controls (N=12) were compared, with the following differences: We uncovered regional differences explicitly correcting for FDR, and at q=10 % showed significant findings in the occipital but not in the frontal cortex. Lateral occipital cortex (LOC) network abnormality has been linked to early HIV infection (Wang et al. 2011) . As also shown in Table 4 , findings in the frontal cortex distinguished HAD from HIV-ND sub-cohorts at FDR q=5 %, in keeping with published studies supporting the involvement of frontal cortex in HAD as discussed above. The [ 11 C]R-PK11195 HIV study employed cluster analysis (Turkheimer et al. 2007 ) to extract and identify (GM) voxels that mirrored distribution within a normal population (to serve as a reference region). This strategy of stratifying GM voxels was based on the assumptions that portions of GM have no specific tracer binding and can be used as reference tissue, and that physiological factors do not affect binding. However, these assumptions might be less valid in the case of second-generation TSPO radioligands. The reliability of cluster analysis may also be questioned for [ 11 C]R-PK11195 (Jucaite et al. 2012) , where high intrasubject variability was observed. These limitations, combined with the use of only a subset of GM voxels (assumed to be devoid of specific uptake) as the reference region in the context of cluster analysis, may have contributed to the inability of detecting regional differences in (Garvey et al. 2013 ). The simple GM normalization approach we propose, although empirical to a degree, has proved to be an effective method for analyzing [ 11 C]DPA-713 PET data, and may be useful for other TSPO ligands. 
Conclusions
By employing an empirical normalization approach we uncovered regional abnormalities in glial cell activation in the brains of HIV infected individuals that correlate with findings of previous neuroimaging studies. These abnormalities suggest ongoing neuroinflammation in WM, cingulum, and supramarginal cortex. Elevated [ 11 C]DPA-713 uptake in frontal cortex was associated with HAD, also in keeping with prior studies. The GM normalization approach may obviate physiological factors that confound imaging with TSPO-targeted agents, provides findings that improve test-retest reproducibility and inter-subject regional outcome ICC within the healthy control cohort, and may be useful for extension to study of other diseased cohorts using second-generation radiotracers that target TSPO.
